Three diamonds from Sao Luiz, Brazil carrying nano-and micro-inclusions of molecular δ-N 2 that exsolved at the base of the transition zone were studied for their C and N isotopic composition and the concentration of N utilizing SIMS. The diamonds are individually uniform in their C isotopic composition and most spot analyses yield δ 
Introduction
Diamonds from the lower mantle and the transition zone (superdeep diamonds) have been known for more than 30 years (Scott-Smith et al. 1984; Moore and Gurney 1985) and have turned into a major source of information of these otherwise inaccessible parts of the Earth. While most attention has been given to the composition of mineral inclusions in these rare samples, the diamonds themselves also carry interesting information in their C isotopic composition and in the concentration, isotopic composition and speciation of N and other impurities in the diamond lattice. Additional information is stored in the nature and spatial distribution of other color and fluorescence centers, but except for using fluorescence or cathodoluminescence (CL) as a guide for diamond growth history (as we do here), we do not yet know how to read the geological information that may be stored in the variation of the CL intensity.
Many superdeep diamonds carry almost no N (Type II diamonds). Where present, N is commonly less than 200 ppm and is highly aggregated, with most or all N in B centers (four N atoms surrounding a vacancy) or associated with H in VN3H centers (three N atoms surrounding a vacancy decorated by a H atom). The rates of conversion of N from single substitutional (C centers) to couplets (two N atoms replacing two carbon atoms, A centers) and to B centers depends on the concentration of N (herein referred to as [N] ) and on the temperature. The present calibration of the kinetics of the A to B conversion dictates a geologically fast conversion of most N to B centers at transition zone or lower mantle Editorial handling: R. Rudnick Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00710-018-0576-9) contains supplementary material, which is available to authorized users.
temperatures. For example, at 1500°C, 99.9% of the A centers of a diamond with [N] = 100 ppm would convert to B centers in just~0.1 Gy (Taylor et al. 1990 (Taylor et al. , 1996 Kohn et al. 2016) . Still, some superdeep diamonds are reported to have A centers and low B/(B + A) ratios (Davies et al. 2004b ).
The δ
13
C values of most diamonds that carry lower mantle inclusions average − 4.5 ± 2.6‰ (1σ), overlapping the predominant mantle value of −5‰ (Javoy et al. 1986; Deines 2002) . However, more negative values were also reported (Bulanova et al. 2010 ; Thomson et al. 2014) . Most of the inclusions are of Bperidotitic^affinity (many ferropericlase inclusions and some bridgmanites). Those carrying minerals typical of the transition zone (mostly majoritic garnets of eclogitic or, rarely, peridotitic affinity) span a much wider range: −8.4 ± 7.1‰. The majority are close to the mantle range, but quite a few exhibit more negative values down to −25‰.
Compared with over 200 analyses of C isotopic compositions, N isotopic compositions were measured in only~50 ultradeep samples, reflecting the very low N concentrations in many superdeep diamonds. Most are lower mantle diamonds and only a few are of possible transition zone origin. Most lower mantle diamonds have δ 15 N of −1 to −5‰, but a few span a wider range between +5 and − 10‰ (average − 3.4 ± 4.4‰). The few δ 15 N values for transition zone diamonds span a much wider range (−40 to +10‰) with most values at −10 to +10‰ (Palot et al. 2012 .
The three diamonds we studied are unique in their very high N content and in the way in which their depth of origin was determined. Navon et al. (2017) detected 100% of B centers and only negligible contribution from platelets (at 1368 cm −1 ) that were probably degraded, making them highly irregular diamonds (Woods 1986; Speich et al. 2017) . Transmission electron microcopy (TEM) revealed the presence of nanometric inclusions of bimodal size distribution (~200 nm and~20 nm). Navon et al. (2017) used Raman spectroscopy to identify the content of these inclusions as δ-N 2 , a high-pressure polymorph of molecular N, and calculated an internal pressure of 10.9 ± 0.5 GPa based on the shift of the Raman lines. Using the phase diagram and the equations of state of fluid N 2 and diamond, they estimated the internal pressure at mantle temperatures (along a geotherm) and suggested that the inclusions were formed at~22 GPa, corresponding to depth of more than 600 km and temperatures of more than 1600°C, at the base of the transition zone. They suggested that the nanometric inclusions were formed by exsolution of N that resided in platelets and B centers as the diamond descended into the base of the transition zone in a down-going convecting mantle current. Navon et al. (2017) estimated that the diamonds carry~900 ppm N in B centers and an additional 500 ppm of δ-N 2 in the zones populated by the exsolutions. Similar diamonds have been studied before by physicists who characterized the nanoinclusions, which were designated Bvoidites^(e.g., Bruley and Brown 1989; Luyten et al. 1994; Kiflawi and Bruley 2000) . However, they did not reach a definite identification of the trapped phase. They were also studied by geologists (Kaminsky et al. 2001 (Kaminsky et al. , 2015 RudloffGrund et al. 2016; Kagi et al. 2016) , but again, with no clear determination of their content or origin.
The high N content and the good spatial resolution of secondary ion mass spectrometry (SIMS) combined with detailed CL imaging of the diamonds allow us to examine in detail the systematics of both C and N isotopes as well as the variations in the concentration of N and in the CL intensity and to compare them to previous studies of other superdeep diamonds.
Samples and analyses

Samples and preparation
The three samples we studied are a subset of the diamonds examined by Navon et al. (2017) and were described there. They are a few mm in size ( Fig. 1 ) and weigh 69-126 mg. All were laser-cut in a random crystallographic orientation by a commercial diamond cutter and polished on a diamond wheel to produce 0.8-1.1 mm thick slabs with parallel surfaces. Examination of the slabs under an optical microscope yielded no mineral inclusions. They are translucent due to the presence of clouds of inclusions that are barely seen, even at the highest magnification.
The polished slabs were cleaned ultrasonically in a mixture of 69% HNO 3 and 60% HF and rinsed in water and ethanol. They were cast into a small epoxy block. This block and two others carrying reference materials of the Candian Center for Microanalysis (CCIM), including diamond S0270 and vitreous carbon S0233A , were pressed into an indium mount (M1430), which was coated with 5 nm of Au.
Cathodoluminescence (CL)
CL images were obtained using a Zeiss EVO MA15 scanning electron microscope (SEM) equipped with a parabolic mirror coupled to a high-sensitivity, broadband photomultiplier detector. The SEM was operated at 15 kV and 3-5 nA beam current. Along with the CL images, we also collected secondary electron (SE) images of the diamonds.
SIMS
Following the CL imaging, the mount was coated with an additional 35 nm Au film prior to SIMS analysis. Carbon isotopes ( 
Cs
+ ions focused to a beam diameter of~12 μm, and beam currents of 1.0-2.5 nA. The primary beam was rastered across a 20 μm × 20 μm area prior to analysis to clean the surface of Au and contaminants and to implant Cs. Cisotopes were analyzed first, with subsequent N-abundance and N-isotope measurements done directly from the identical spot location.
Negative secondary ions were extracted through 10 kV to the grounded secondary column (Transfer section). Automated tuning of the secondary ions in the Transfer section preceded each analysis. Secondary ion collection conditions for C-isotopes included an entrance slit width of 110 μm, field aperture of 5 mm × 5 mm, a field aperture-to-sample magnification of 100×, and neously using a Faraday cup -electron multiplier combination (L'2 using 10 11 Ω amplifier, and EM axial detector, respectively) at mass resolutions of 6000 and 5500, respectively, sufficient to resolve any potential spectral interferences. Electron multiplier counts were corrected for background and deadtime (40 ns 0.05‰, after correction for systematic within-session IMF drift of 0.1‰ over several hours. Uncertainties of individual δ 13 C VPDB analyses propagate within-spot (~0.05‰, 1σ), between-spot (0.05‰, 1σ, blanket assigned), and betweensession errors (0.01‰, 1σ), and are typically ±0.14‰ (2σ). The spot uncertainties exclude the error in the value of the RM reported above, which can be added as appropriate for comparisons with other data, but which would otherwise mask real differences between the diamonds analyzed.
For N-abundances, the [ N AIR averaged ±0.48‰ for individual analyses of S0270, and for the unknowns with variable N concentration ranged from ±0.6-1.5‰. The spot uncertainties exclude the error in the value of the RM reported above, which can be added as appropriate for comparisons with other data. Nitrogen abundances were also calculated from the N-isotope data using primary-beam-normalized secondary ion yields of 
Results
CL and diamond growth
The diamonds, the speciation of N and H impurities, and the micro-and nanoinclusions they carry were described in Navon et al. (2017) . A few more details and a discussion of the N -H relations is provided in the Supplementary Data section of this paper. The CL images of the three diamonds are presented in Fig.  1 and Table 1 and reveal complex patterns. The patterns represent varying conditions during growth, but are also affected by the exposure of 3-dimensional structures on 2-dimensional surfaces formed by the cutting and polishing of the samples.
ON-SLZ-390: The core reveals low luminescence and straight octahedral surfaces (zone a; analysis spots 1-3). It is surrounded by a dark zone (zone b; spot 4) and both zones (a and b) are strongly resorbed, leaving an elongated diamond with smooth faces. This diamond was overgrown by an oscillatory zone with bright CL response (zone c; spot 5) and then by more uniform growth of larger octahedral planes (zone d; spots 6-7), which turned into a uniform zone with intermediate brightness in CL (zone e; spots 8-15). In one corner, further resorption and growth of diamond of darker luminescence is exposed (zone f; not analyzed).
ON-SLZ-391: The CL displays a complex pattern of alternating brighter and darker straight zones that are generally concentric, but outline two separate centers of growth. The SIMS profile extends from one center (a) to the rim (f) and samples the entire exposed growth history. The central part (zone a; spots 1-5) ends with a dissolution event followed by growth of a darker layer (zone b; spot 6), a bright discontinuous layer (zone c; spot 7) and a thick outer growth zone (zones d and f; spots 8-13) interrupted by one thin bright layer (zone e; spot 12).
ON-SLZ-392: The diamond is a broken piece from a larger crystal, but it includes the center of growth (zone a; spots 1-3) that ends with a brighter zone that was resorbed on one side. Growth continued with straight octahedral faces of darker CL (zone b; spots 4-6) followed by a few very bright narrow bands (zone c; spot 7) that are also exposed in the triangular area further out along the profile (zones b1 and c; spots 9 and 10). Further growth is initially associated with intermediate CL response (zone d; spots 11-12) that becomes brighter towards the rim (zones e and f; spots 8, 13 and14). The triangular exposure is the result of a bulge that grew from the main octahedron and is now cut by the polished surface, exposing the older parts of the d layer, then the bright c layer and finally the older b layer at the center of the overgrowth. ON-SLZ-390: The CL reveals two parts that are separated by a dissolution event. The C isotopes clearly follow this division. In the core of this diamond (zones a and b in Fig. 1 ) δ 13 C trends from −3.1 to −2.4‰ (Fig. 2) . Passing the dissolution boundary, it falls to −3.26‰ and remains constant all the way to the rim with less than 0.1‰ deviation from an average value of −3.23‰. The inner parts (a and b) have <5 ppm N. The surrounding growth layers (c and d) have low N (~200 ppm) with δ 15 N values of −0.2 and + 0.9‰. Then, over a minor boundary in the CL (from zone d to zone e) and uniform C isotopic composition, both [N] and δ 15 N change abruptly. The δ 15 N drops from around 0 down to −6.1‰, followed by a minor decrease to −7.0‰ at the rim. The concentration of N changes from~200 to~1000 ppm across the boundary from zone d to e, and then remains constant within a narrow range of 1020 ± 50 ppm. In summary, the diamond reveals decoupling between C and N and correlative behavior of the concentration and the isotopic composition of N.
ON-SLZ-391: The inner zone (zone a; spots 1-5) is uniform in its isotopic values and N, except in one spot (4) where CL is bright and [N] is somewhat lower. A minor dissolution event between zone a and zone b has no effect on the C isotopic composition, the N isotopic ratio slightly decreases, but N concentration rises from 830 ± 100 ppm in zone a to 1080 ± 80 ppm in the outer zones. Overall, the δ ON-SLZ-392: Like ON-SLZ-391, this diamond is also characterized by uniform C isotopic ratios throughout the diamond (δ 13 C of −4.7 ± 0.1‰), except for a single analysis, not far from the edge (e, 13, −4.44‰). The N isotopic composition is much more variable (−3.5 ± 1.4‰) and in particular it decreases to −7.5‰ at the rim. The N content, which is negatively correlated with δ 15 N in ON-SLZ-390 and 391, also decreases initially in zone c where the δ 15 N value is higher (spot 7), but in the inner and outer zones it correlates positively with δ 15 N, especially towards the rim (d-e, 10-13).
Discussion
The three cloudy diamonds we studied are unique within the group of superdeep diamonds due to their elevated N contents (Fig. 3a) and the presence of nano-inclusions of molecular N 2 . Their C and N isotopic compositions fall within the respective mantle ranges or expand to more positive δ 15 N values, similar to other superdeep diamonds (Fig. 3b and c Some of the observed variations can be explained by isotopic fractionation or the introduction of a new melt/fluid. For example, in ON-SLZ-390 the increase in the C isotopic ratios in the core (from −3.1 to −2.4‰; zones a and b in Fig. 1a) can be attributed to close system fractionation from an oxidized fluid (Petts et al. 2015) and the sharp change upon the transition from the core to zone c to introduction of a new fluid. In the CL image, this border is sharp and also represents a dissolution event, so it is logical to assume a change in the medium from which the diamond grew.
The concerted decrease in both δ 15 N and [N] and the increase in δ 13 C at the outer zones of diamond ON-SLZ-392 (Fig. 2c) may also be the result of closed system fractionation, but from a fluid with a N speciation that produces different trends compared to the fractionation reported by Petts et al. (2015) , who observed an increase in both δ 15 N and δ
13
C with the drop in N concentrations. In ON-SLZ-392, the C ratios increase, but the N ratios decreases towards the rim (Fig. 2c) . This type of N isotope fractionation, with a positive sign of the diamond-fluid fractionation factor, was previously described by Thomassot et al. (2007) .
The case is different at the boundary between zone d and zone e in ON-SLZ-390. No dissolution took place on that boundary, and the CL image (Fig. 1a) only shows a change from oscillatory to homogenous growth without resorption. The C isotopic composition does not show any change on that boundary.
What scenario can be suggested to explain the large jump of the N content and isotopic composition between d and e in ON-SLZ-390? We could consider a third fluid that has exactly the same C isotopic ratio, but a much higher N concentration and a completely different N isotopic composition (though still within the typical mantle values). Such differences reflect a higher heterogeneity of N relative to C, or variability in the reactivity of the N species (Li and Keppler 2014; Mikhail et al. 2017) . Other explanations may rely on the higher sensitivity of N and its isotopes to changes in growth rates or to differences between different growth sectors or between planes of different orientation (e.g., cubic vs. octahedral).
The other two diamonds raise similar problems. The outer parts of ON-SLZ-391 are uniform except for two narrow bright bands ( Fractionation cannot produce the observed sharp variations. This leaves three alternatives, including (i) introduction of a new fluid with lower activity of N and different isotopic composition, (ii) a change in the physico-chemical conditions, e.g., temperature, stress, redox conditions, pH, etc., that leads to changes in N speciation in the fluid and different partitioning of N and its isotopes into the growing diamond, and (iii) a change in the growth habit of the diamond.
Introduction of a new fluid is always possible, but it is hard to invoke a fluid that comes from a different source, deposits a thin layer of diamond and then disappears only to reappear a few growth bands later and deposit another layer. Moreover, while the N content and N isotopic composition of this new fluid must be different, its C isotope ratio should be identical to that of the previous melt/fluid. We note, however, that Mikhail et al. (2017) argued that the heterogeneity in N content and isotopic value is much larger than that of C.
The second alternative uses the same fluid for the whole growth process, but calls for a change in the physico-chemical conditions to induce change in the fractionation factors between the melt and the growing diamond. Changes in the ambient temperature are slow due to the poor heat conduction of rocks. Sudden changes in temperature may result from arrival of a hotter or cooler melt, but then, we are back to the problems with the first alternative (why would this event generate just a very few separated thin layers?). Similarly, it is hard to invoke a fast and short-lived variation in the redox conditions without the introduction of a new melt.
It is possible to combine the two alternatives into a plausible solution to the problem. Mikhail et al. (2017) have shown recently that the speciation of N in a hydrous fluid depends on the pH, which differs in fluids equlibrating with peridotitic or eclogitic lithology. The calculations were done for N 2 , NH 3 and NH 4 + in a hydrous fluid at 5 GPa and 1000°C, but if we assume that similar lithology-dependent speciation developed during the growth of our diamond, we can imagine that during the flow of a melt or a fluid through a peridotitic rock, some of (Bulanova et al. 2010; Palot et al. 2017; Thomson et al. 2014) . Data sources: Wilding (1990) , (Hutchison et al. 1999) , Davies et al. (1999 Davies et al. ( , 2004a , Kaminsky et al. (2001 Kaminsky et al. ( , 2009a , Stachel et al. (2002) , Tappert et al. (2005a , b, 2009 ), Bulanova et al. (2010 , , Melton (2013) , Zedgenizov et al. (2014) it bifurcates, flows through eclogite and developes a different N species. If this parcel of fluid rejoins with the main flow in the middle of the growth of the diamond, conditions would change for a short time, affecting the isotopic value and the concentration of N and then dissipate without a trace. Such a change can also lead to the observed variation of the CL intensity (Babich et al. 2004 ).
The extrapolation from 5 GPa and 1000°C to the base of the transition zone is large, but we use the process outlined by Mikhail et al. (2017) as an example for the possibility to produce variability during the flow of a single melt or fluid. Other N-bearing species may be stable at the base of the transition zone, but we note that the finding of carbonate in a Juina diamond (Kaminsky et al. 2009b) indicates the presence of relevant melts at such great depths. We also note that since in the case of the diamonds we study here, the high pressure indication is the presence of exsolutions with high internal pressure, the diamonds may have formed at a shallower depth and taken deeper by a subducting current to exsolve the nanoinclusions at depth. Such a scenario is hinted by the high N contents that are not typical of superdeep diamonds, However, the finding of olivine+clinoenstatite+periclase in another diamond carrying similar nano-and microinclusions (Kagi et al. 2016) , suggests formation at depth.
The third alternative suggests that the observed sudden changes are not controlled by external factors, but by the diamond itself. The N isotope ratios in cubic growth sectors of synthetic diamonds are~30‰ higher than in octahedral sectors (Boyd et al. 1988; Reutsky et al. 2008 Reutsky et al. , 2017 . At the same time, the N content of the cubic sectors is much lower than that of the octahedral ones (Reutsky et al. 2017) . Is it possible that similar effects operate in natural diamonds? It was found, but it is much smaller in the natural case. Bulanova et al. (2002) studied a mixed-habit diamond with cuboid and octahedral sectors present side by side. They concluded that there was no fractionation of N isotopes between cubic and octahedral growth zones. However, re-examination of their data reveals a consistent average difference of~1.2‰ in both C and N isotopic composition between simultaneously precipitated cuboid and octahedral growth layers (as shown by their CL image). The cuboid sectors are higher in δ 13 C and δ 15 N compared with the octahedral ones and are poorer in N. In both sectors, the isotope ratios increase during the growth of the diamond, but spots sampling contemporaneous growth in the two sectors are separated by about 1.2‰. Howell et al. (2015) also noted minor fractionation between octahedral and cuboid growth sectors in three Bstard iamonds they studied: no difference in the C isotopes, an average difference of 0.4-1‰ in δ 15 N (with maximum differences between contemporaneous spots reaching 2‰, with the octahedral sector being 13 C enriched). They also observed large differences in [N] between the octahedral sector (averagẽ 2700 ppm) and the cuboid sector (~2000 ppm).
Fractionation between growth sectors potentially can provide an elegant explanation for the transition from zone c to zone d in ON-SLZ-390 and the fluctuations observed in zones c and e of ON-SLZ-391 and zone c of ON-SLZ-392. Let us assume that these zones represent abrupt switches in the mode of growth (e.g., from octahedral to cuboid growth and back) and that these differences in growth direction lead to different incorporation of N and the favoring of This explanation may be more elegant than abrupt and very short lived mixing events, but it is still far from being completely satisfying. As discussed above, N isotopic fractionation between cuboid and octahedral growth sectors in natural diamonds is of the order of 2‰ or less. In addition, the bright-CL layers seem to be part of the concentric growth layers and not a sector of cubic growth. As such, the transition into the bright layers is different from the distinct sectors that grow in parallel in mixed-habit diamonds. They resemble, more closely, the transitions in cloudy and coated diamonds, or in samples where cuboid growth laminae are surrounded by octahedral surface and vice-versa (Lang 1974; Harte et al. 1999) .
At this stage, we cannot conclude what was the mechanism that led to the abrupt fluctuations in the isotopic composition and concentration of N in the growing diamond. It may reflect a change in the nature of the fluid and the reacting N species; it can also be a sudden change in the growth directions, e.g., a switch from octahedral to cubic growth.
The fluctuations in N concentration and isotopic ratio between different zones must be attributed to the growth process. However, the luminescence in diamonds is the result of centers that may form not only during the growth process, but also later, as vacancies, interstitial C atoms, and N and H atoms diffuse and react. The association between CL intensity and variations in the N concentration and isotopic composition shows that in addition to the growth process, post-formation reactions (e.g. aggregation) also proceed in a different manner in the different zones and preserve the growth patterns even at the high temperatures that these diamonds experienced.
Conclusions
The three studied ultradeep diamonds from Sao Luiz, Brazil exhibit almost uniform C isotopic compositions that fall within the known mantle range of −5 ± 3‰ ). Most of the N isotopic analyses also fall within the mantle range (−5 ± 3‰). Some isotopic ratios we measured, associated with low N concentration and narrow zones of bright luminescence are higher, extending to positive δ 15 N values.
These sharp fluctuations cannot be attributed to fractionation in a fluid limited system and are not easily explained by shortlived introduction of a diamond-forming melt or fluid from a different source. Alternative possibilities include changes in the reactive N species due to bifurcation and flow of parcels of melt through different rocks or fractionation between different growth directions (e.g., octahedral versus cuboid). We prefer these alternatives because the contrasting N contents and isotopic compositions may form during diamond precipitation from a single melt/fluid. More gradual variations may be the result of Rayleigh fractionation or mixing. In the future, we need to combine in situ isotopic studies with N concentration and aggregation analyses on a similar scale, a better understanding of the CL record and documentation of the 3-D orientation of the growth-planes in order to achieve clearer insights into the growth of natural diamonds.
